Abstract: C 1 -C 5 carbonyl compound concentrations were measured at four sites; three urban sites in the Mexico City Metropolitan Area (MCMA) and a rural site in the state of Morelos during the period 2006-2007. Formaldehyde, acetaldehyde and acetone were found to be the most abundant carbonyls, with acetone showing the highest levels at all sites. Concentrations were highest in winter at all sites and lower in summer and autumn. These decreases in concentration are explained by the influences of both photochemical reactions and local meteorological conditions. The strong correlation between C 1 -C 2 and C 3 indicated a common origin for these carbonyls. This was supported by a factor analysis which showed high loading on C 1 -C 2 and C 3 . The C 1 /C 2 ratios varied between 0.77 to 1.19, values which can be considered typical of an urban area.
INTRODUCTION
Carbonyls are common constituents of rural and urban atmospheres [1, 2] and are of particular interest due to their potential impact on health. They are emitted by many mobile and stationary sources [3] , but they also exist as secondary carbonyl intermediates in the photo-oxidation of organic compounds in the atmosphere [4] . In general, these compounds have been shown to play an essential role in photochemical reactions in the troposphere and also in the lower stratosphere [5] . Among the carbonyls, formaldehyde and acetaldehyde are the most abundant in the urban atmosphere [6, 7] . Formaldehyde has been the most studied, since it is classified in group 2A (probable human carcinogen) by the International Agency for Research on Cancer due to its carcinogenicity [8] . The direct release of both aldehydes from internal combustion engines has been found to increase with the use of reformulated fuel blended with methyl-tert-butyl-ether (MTBE) [9, 10] . This fuel is currently used in Mexico. Due to their main chemical and physical pathways, the lifetimes of formaldehyde and acetaldehyde in the troposphere have been estimated to be on the order of several hours in summer [11] . Both compounds can therefore be transported over distances of some kilometers, leading to significant photochemical pollution effects in metropolitan areas. Oxygenated fuel with MTBE as an additive has produced relatively high concentrations of formaldehyde and acetaldehyde in the atmosphere of Mexico City [12] . For this reason it was decided to measure not only formaldehyde and acetaldehyde but also acetone, propionaldehyde and butyraldehyde at three urban Mexico city sites and one rural site in the contiguous state of *Address correspondence to this author at the Centro de Ciencias de la Atmósfera, Laboratorio de Química Atmosférica, Universidad Nacional Autónoma de México, Ciudad Universitaria, México D.F., 04510, México; Fax: (525) 5622-4050; E-mail: barmando@troposfera.atmosfcu.unam.mx Morelos at a location 50 km southeast of Mexico City, in order to find the variations in concentration of these carbonyls as a function of the seasons of the year and time of day.
MATERIALS AND METHODS

Sampling Sites
Four sites were chosen for the measurement of ambient carbonyls: the first was a heavily industrialized area (Tlalnepantla) in the state of Mexico in the northern part of Mexico City, the second (Cuauhtémoc) in downtown Mexico City, characterized by a high density of traffic on large avenues and narrow streets, the third (Coyoacán) in a residential area of Mexico City, and the last in a wooded rural area in the state of Morelos.
Sampling
Samples were collected with a Sep-Pak DNPH-Silica cartridge (Waters, Milford, USA) throughout the year during the sampling period 2006-2007. The downstream end of the cartridge was connected to a calibrated flow meter. Air was passed through the cartridge at a flow rate of 1 l min -1 at 12-hour intervals (day and night), from 8:00 to 20:00 and from 20:00 to 8:00. An ozone scrubber was connected to the upstream end of the cartridge to avoid degradation of hydrazone derivatives [13] . Each cartridge was immediately sealed with Teflon caps, then wrapped in aluminum foil and refrigerated.
Analytical Methods
Cartridges were eluted with 10 ml of HPLC grade acetonitrile, and 20 μl aliquots were injected into a Perkin Elmer liquid chromatograph with an Isocratic pump (Norwalk, CT, USA). The analytical conditions were as follows: a spherisorb S5ODA2 reverse phase analytical column, water/acetonitrile 45/55 v/v as a mobile phase and a flow rate of 1 ml min -1 , derivatives were detected at 360 nm with a GBC LC 1200 UV/Vis detector. Calibration was done by direct injection of standard mixtures with known amounts of solid hydrazones dissolved in acetonitrile. These standard mixtures gave linear responses up to 50 ppm of the corresponding hydrazones.
Cartridge laboratory blanks and cartridge field controls were analyzed to determine background levels of DNPH derivatives. The average concentrations and standard deviations of cartridge laboratory blanks from five lots were 0.47±0.30, 0.39±0.12 and 0.92±0.48 g/cartridge for formaldehyde, acetaldehyde and acetone respectively. Propionaldehyde and butyraldehyde were detected but at levels near their detection limits. These results were then subtracted from the sampling results. Carbonyls in cartridge field controls were similar to those of the cartridge laboratory blanks.
The analytical detection limits for formaldehyde, acetaldehyde, acetone, propionaldehyde and butyraldehyde derivatives were 43, 27, 20, 17 and 11 g l -1 respectively. Cartridge efficiency was determined by connecting two cartridges in series. Values of >95% were obtained for all carbonyls using the sampling conditions described above. Sampling precision was determined from four co-located sampling devices operated simultaneously on six occasions. The results ranged from 0.3 to 12.1% RSD.
RESULTS AND DISCUSSION
Arithmetic mean, minimum, maximum and standard deviation of carbonyl concentrations measured in outdoor air at the four sampling sites during 2006 and 2007 are shown in Table 1 . The results varied from one site to another, as would be expected, since the sampling sites were located in different types of areas; industrial, commercial, residential and rural. In general, acetone was the most abundant carbonyl at all sites. The highest carbonyl concentrations were found at the Cuauhtémoc site, with exception of acetone, which was somewhat higher in Coyoacán. Concentrations of propionaldehyde and butyraldehyde were much lower at all sites. Baez et al., (2006) [14] , in a previous study also reported lower levels of these carbonyls. Sin et al., (2001) [15] have previously reported that carbonyls with increasing number of C atoms are less abundant in the ambient air. The lowest concentration of all carbonyls was found in Morelos, the rural sampling site; not even butyraldehyde was detected. The results of the two years were considered together, since differences in concentration between years were not significant (p 0.05). Higher concentrations were observed in winter at the Coyoacán and Tlalnepantla sites. During winter, air pollution levels were higher in the metropolitan area, enhanced by almost daily temperature inversions. These levels decreased significantly in summer and autumn, but the highest levels were observed in spring at the Cuauhtémoc site. Vehicle emissions in the MCMA are [15] reported that higher ambient temperatures and stronger solar radiation in summer not only enhance carbonyl-generating photochemical reactions, but also accelerate the photolysis of secondary carbonyls to form hydroxyl radicals; the hydroxyl radicals in turn could act as further sinks for the carbonyls. Summer weather (heavy rains and tropical storms that occur in summer and early autumn with cloudy skies most of the day) CH3CO + O2 CH3OCOO
Since acetaldehyde photolysis is much lower than that formaldehyde, and the reaction of acetaldehyde with hydroxyl radicals is slightly faster, reactions with hydroxyl radicals are likely to be more significant for the acetaldehyde sink than photolysis [10] .
Photolytic rate constants Kp (s -1 ) and photolytic life time ( ) were estimated at the three MCMA sites for winter, spring and autumn at the hours of maximum actinic flux, 13:00 local time (True Standard Time TST, 12:10). The results indicated that total Kp (10 -6 s -1 ) was higher for formaldehyde than for acetaldehyde, with higher for formaldehyde [17] , representing more rapid photochemical reactions and sinks for formaldehyde. Acetaldehyde concentrations were equal to or slightly lower than formaldehyde concentrations in all seasons and at all sampling sites. This can be attributed to the reformulation of gasoline with MTBE. The latitude of Mexico City is 19° 20' N and its elevation is 2200 m above sea level. The photolytic rate constants and photolytic lifetime are shown in Table 2 for Tlalnepantla in winter, Satélite in spring and Roma in summer. These actinic fluxes can contribute to the decrease in carbonyl concentrations in summer and autumn.
At the Cuauhtémoc site located in downtown Mexico City, the highest concentrations were observed in spring with small differences in concentration for the other three seasons. The low variation of carbonyl concentrations is a result of high traffic density throughout the year on heavily traveled avenues and narrow streets, which suggest that vehicle exhaust may be the primary source of carbonyls.
At the Morelos site, small differences in carbonyl concentrations were observed between winter, spring and summer, with the lowest values in autumn. The values were consistent with rural concentrations, suggesting lower emissions from vehicles and from secondary sources by photo-oxidation of hydrocarbons and sinks by pholtolytic reactions. Fig. (2) shows the four-season average carbonyl concentrations for day and night samples. It can be observed that the highest values corresponded to daytime; suggesting that motor vehicle emissions are the main source of the carbonyls, since vehicle traffic volumes are considerably lower at night, implying lower emissions. Table 3 shows a comparison between 2001 and 2007 data. Formaldehyde concentrations decreased significantly in Coyoacán (15%) and Tlalnepantla (48%); but remained almost the same at the Cuauhtémoc site. Acetaldehyde concentrations increased by 91% in Coyoacán and 90.6% in Cuauhtémoc, but only 25% in Tlalnepantla. Acetone increased by 45% and 24% in Coyoacán and Cuauhtémoc respectively, and decreased by 10.5% in Tlalnepantla. It is difficult to explain the differences in concentrations between years. The increase in motor vehicles from 3.5 million in 2001 to 4.3 million in 2007 could be one factor. This decrease in formaldehyde can be attributed to enforcement of the law that all new automobiles had to have a catalytic converter from 1995 on. Currently more than 60% of cars have a catalytic converter. After the reformulation of Mexican gasoline with MTBE, higher amounts of acetaldehyde were emitted into the atmosphere.
Correlations
Spearman rank correlations were applied to all data collected at the four sampling sites. Table 4 shows the correlation matrix. It can be observed that high positive correlations were obtained between formaldehyde and acetaldehyde at the Coyoacán, Cuauhtémoc and Tlalnepantla sites and good correlation between acetone and propionaldehyde. The lowest carbonyl concentrations and lowest correlations were found at the rural Morelos site.
The strong correlation between formaldehyde and acetaldehyde throughout the study period suggests that these aldehydes are coming from common sources. In the MCMA, the main sources of these carbonyls are motor vehicle emissions, since in this zone more than four million vehicles are on the road daily. In November 1989, five percent MTBE was added to gasoline to reduce carbon monoxide and hydrocarbon emissions [18] . According to Anderson et al., (1996) [10] , MTBE increases the emission of formaldehyde and acetaldehyde by comparable amounts. The high correlation found between acetone, formaldehyde and acetetaldehyde seems to indicate a common anthropogenic source.
It has been reported that secondary reactions could explain the acetone amounts in the ambient air. Acetone is formed by ozone reactions with some alkenes, and it is the main end product of OH radical oxidation of propanone, isobutene, isopentene and higher isoalkanes. It has been suggested that oxidation of propane is the main source of acetone [19] . Propane is the main constituent of liquefied petroleum gas, which is the fuel most commonly used in hotels, houses and many small industries in the MCMA. It could thus be an important source of acetone in MCMA. Shepson et al., (1991) [20] and Pozanzini et al., (1996) [21] , found that the ratios between formaldehyde and acetaldehyde are usually larger (>7) for rural than for urban areas (0.7 to 3) and stated that these ratios may indicate a biogenic source of formaldehyde. Grosjean (1992) [22] reported that the ratios often show large variations. In this study, however, relatively small variations were found in all data; ratios from winter, spring, summer and autumn generally varied from 0.77 to 1.19 . Only in Morelos in winter did the ratio reach 1.30. The levels found in this study are somewhat lower than the data reported by Grosjean et al., (1990) , an average value of 1.7 from 17 urban cities in different countries. Our results can be considered to correspond to an urban area. Table 5 compares carbonyl levels in Mexico City with those in other cities. Formaldehyde and acetone concentrations were higher in Beijing and Guangzhou than in Mexico. These cities have been reported to have highly polluted atmospheres [23] , but the acetaldehyde level was higher in Mexico. The lowest values of all carbonyls are from Lille Valby, Denmark [24] . In Rio de Janeiro, Brazil, formaldehyde and acetaldehyde levels were close to those of Mexico. Brazilian vehicle fuel is alcohol-based and its combustion emits high levels of acetaldehyde [25] .
Factor Analysis
To assess the relationships between concentrations of the carbonyls studied, factor analysis (Principal Component Analysis) was applied. Table 6 shows the factor loading normalized with varimax rotation. Varimax rotation aims to maximize the variance of square normalized factor loading across variables for each factor and makes interpretation easier. Three factors from the principal component analysis were sufficient to explain 85.61% of the total variance. Factor 1 explained 54.2% of the total variance, with high loading on formaldehyde, acetaldehyde and acetone in Coyoacán and Tlalnepantla, and moderate loading on acetone and formaldehyde in Morelos. The high loadings on formaldehyde, acetaldehyde and acetone suggest that these carbonyls come from anthropogenic sources (vehicle emissions), although as noted above, acetone also comes from photochemical reactions. The moderate loadings on formaldehyde and acetaldehyde in Morelos also seem to indicate a contribution from anthropogenic origins. These findings are supported by the high correlations among these carbonyls. Factor 2 indicates a high loading on formaldehyde and acetaldehyde and moderate loading on acetone in Cuauhtémoc, explaining 32% of the total variance. These results also indicate a contribution from anthropogenic sources.
CONCLUSIONS
Concentrations of C 1 to C 5 carbonyl compounds were measured at three sites (residential, downtown and industrial) in the MCMA and one in a rural wooded area in the state of Morelos. As expected, the concentrations varied according the characteristics of the sampling sites. Although propionaldehyde and butyraldehyde were present, concentrations were close to the detection limit. At some sites, butyraldehyde was not even detected; for this reason only C 1 , C 2 and C 3 were considered in the discussion of this paper. The variation in carbonyl levels was strongly dependent on motor vehicle traffic density in the MCMA, as was shown by the nighttime results, since traffic decreases significantly at night. The strong correlations between C 1 -C 2 and C 3 indicated that motor vehicle exhaust is the main source of these carbonyls. The lower concentrations observed in summer and autumn indicated that photochemical reactions and local meteorological conditions can account for the decrease in these seasons.
Currently a more intensive effort to measure carbonyls is underway, in which carbon monoxide measurements are included in order to determine the anthropogenic origin of the principal carbonyls more precisely, independently of photochemical reactions. Fig. (2) . The four season average concentrations corresponding to day and night time measurements. 
